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New Ideas to Improve Searches for p+ -+ e'y 

M. D. Cooper 

LQS Alamos National Laboratory, LQs Alamos, NM 87545 

Abstract. Lessons are drawn from the experience of the MEGA experiment in searching 
for p" + e + y .  In light of that experience, some ideas are evaluated regarding new 
searches that might take place in the era of a source of low-energy muons associated with 
a muon collider. 

INTRODUCTION 

Searching for decays that change total lepton family number is an excellent method 
to explore potential physics beyond the Standard Model because those processes are 
predicted to be zero except when new physics is present. Essentially all extensions of 
the Standard Model that introduce new, heavy particles predict the existence of these rare 
decays, though the most probable channel is highly model dependent. Recently, the 
prejudice has grown within the physics community that supersymmetry is an extension 
that is likely to be related to nature. Barbieri, Hall, and Stmmia (1) show that rare decays 
are signatures for grand unified supersymmetry and calculate the rates for p' + e'y 
and related processes for a wide range of parameters of these models. They conclude 
that p' + e'y has the largest rate by more than two orders of magnitude, and it ranges 
between the current experimental limit and Hence, there is continuing interest in 
the community for an experiment that could have a sensitivity near 

The experimental signature for an at-rest p' + e'y is a 52.8-MeV positron that is 
back-to-back and in time coincidence with a 52.8-MeV photon. The MEGA 
experiment, designed to search for it, has been described several times (2). Briefly, it 
consists of a magnetic spectrometer for the positron and three pair spectrometers for the 
photon. The apparatus has been optimized for high rates and for good resolution to 
suppress backgrounds; the principal background is random coincidences. In high-rate 
experiments, any design that has sufficient resolution to suppress the random- 
coincidence background will easily eliminate any prompt background from p' + 
e'yVv; in fact, it may be a problem to observe the p' + e'yVv process, which would 
provide nice confirmation of the proper operation of the detector, with the same 
experimental settings as used in the search. The experiences of the MEGA collaboration 
provide a useful guide in designing future experiments. 



DESIGN CONSIDERATIONS 

In preparing any design for a p+ + e+y search, one must maximize the sensitivity 
while minimizing the backgrounds and rate parameters. The sensitivity of an apparatus 
to p+ -+ e'y depends on the product of the solid angle and the rate: 

S (90% C.L) = 2.3/M, 

where 

M = (Qo/47r) E, Rp T 

and Ro is the overlap solid angle, is the 
positron detection efficiency, E, is the cut efficiency, Rp is the average stop rate, and T 
is the live time. 

is the gamma-ray detection efficiency, 

The branching ratio where the accidental backgrounds set in is 

where d is the duty factor, At is the positron-photon time resolution, Ax and Ay are the 
fractional positron and photon resolutions, and A 9  is the positron-photon angular 
resolutions. Typically, A should be taken to be about +1 full-width at half maximum 
(FWHM) of the detector response to a variable for clean background separation. The set 
of variables {At, Ax, Ay, d e }  are the classic variables for identifying the p+ + e+y 
process. In addition, some configurations can get additional separation of signal from 
background by measuring the angle of the photons e,, the low-energy positron 
associated with high-energy photons ZB, or from the correlation of the positron or 
photon decay direction with the muon spin Pp. The corresponding additional 
suppression factors fa re  indicated in Eq. (3). The validity of Eq. (3) depends on the 
photon spectrum being dominated by bremsstrahlung processes; care should be taken to 
evaluate sources of photons from positron annihilation in flight to see that they do not 
dominate. In MEGA, the central region of the detector was free enough of mass that the 
cross-over point was at y = 0.99 and the photon energy resolution Ay was 0.03 FWHM, 
so Eq. (3) was applicable. 

Figure 1 gives representative plots for Eqs. (1)-(3) for the 90% confidence limits 
obtainable as a function of run time. The solid curve is for the MEGA detector at 
LAMPF with its 6% duty factor. The stopping rate is 5 x lo8 Hz, and the solid angle is 
greater than actually achieved. The curve shows the two components: the 1/T 
dependence in the background free region and the l/n in the background limiting 
region. The short dashed piece connecting the two sections is a likelihood representation 
of the transition between the two regions. Nevertheless, the point of intersection is 
roughly the practical experimental reach of this design. The long dashed curves illustrate 
one reason why the reach is not just linear in the duty factor, because they are all 



FIGURE 1. A typical characterization of a p' + e'y design. The solid curve (a) is for the 
MEGA detector for a higher acceptance than actually achieved and an instantaneous rate of 5 x 
10' Hz. Curve (b) is for the same instantaneous rate and a duty factor of 1. Curves (c) and (d) are 
at instantaneous rates of 2.5 x 10' Hz and 1.25 x lo8 Hz with a duty factor of 1. 

calculated for a duty factor of 1.0. In curve (b), the instantaneous rate is the same as at 
LAMPF, and the result is the same except that it is achieved in a shorter clock time. As 
the rate is decreased, the ultimate limit gets better. In a practical sense, curve (d) is about 
as well as could be done with unit duty factor, Le., a factor of 6 for a factor of 16 
improvement in duty. Such curves are very useful in characterizing the capabilities of a 
design. 

The rate parameters that need minimizing are 

R E y > ~ y  Tcol-y 7 

Ry-reg Tcol- y ' 

Re Tcol-e 9 

Rtrig Treadout 



Each of these should be kept as small as possible compared to one for easy data 
analysis. Equation (4a) is the requirement that the product of the rate of low-energy 
photons times the collection time of the photons be small to avoid pileup. Equation (4b) 
states that the rate of high energy photons in a regions of the detector times the collection 
time of the photons needs to be small to have well separated events. Equation (4c) states 
that the electron rate times their collection time should be small for well-separated 
events. In MEGA, Eq. (4c) was not small, and a difficult pattern recognition problem 
had to be overcome. Equation (4d) is the usual readout dead-time effect. 

Equation (4d) can really limit the ability to take data. It is not often appreciated that 
the MEGA experiment was 90% dead. Using electronic manipulations, this dead time 
was arranged to coincide with the periods between beam spills. The actual dead time for 
data during the beam was only about 6%. Trying to achieve the factor of 6 improvement 
at a continuous accelerator would require some new triggering scheme for reducing the 
data flow, and such a technique is not known because MEGA was near several 
bandwidth limits. 

It is useful to catalog in one place the areas that must be studied for a successful 
p+ + e+y design. Some have been discussed above, and some of the remainder will 
be considered below. The list includes (1) having high sensitivity, (2) being free from 
background, (3) being well-matched beam properties, (4) having a large product of 
decaying particles and solid angle, (5 )  having a high efficiency for detecting the signal, 
(6) achieving good detector rate capability, (7) achieving good detector resolutions, 
(8) having a plan to prevent the stopping positrons from making high energy photons, 
(9) finding a method to measure the resolutions, (10) measuring enough of the 
background to know its level in the signal region, ( 1  1) designing an adequate trigger, 
(12) measuring a known process like p+ + e+yVv, (13) calibrating the elements, 
(14) stabilizing the detector elements against temporal drifts, (15) developing a good 
Monte Carlo simulation, and (16) controlling the cost. 

Figure 2 is a display of the four classic variables on expanded scales from the 
MEGA data analysis and illustrates several points. The solid curves are from the data 
and the dotted curves are the response functions of the detector from a Monte Carlo 
simulation. A useful rule-of-thumb is that one should measure about 5 FWHM around 
the signal region. In the upper left panel, the positron spectrum shows the built-in 
calibration from the edge of the Michel spectrum. Also, the high-energy tail is small and 
of little consequence since high-energy positrons are highly probable. The plot of the 
photon energy shows a high-energy tail which would be quite damaging to the 
experiment if later stages of the analysis had not been successful in eliminating these 
poorly reconstructed events. The panel containing the relative time would be expected to 
have a flat distribution for random events; the distortions are due to the on-line trigger. 
Finally, the data have a relative angle that dies away at 180". The important point is that 
only one of the panels contains a feature that is useful for calibration. In the case of the 
photon energy, MEGA resorted to measuring the decays of no 's. For the relative 
timing, MEGA used low-rate p+ + e+yVv events. MEGA never found an experiment 
method for measuring the relative angle but relied on measuring quantities that checked 
the Monte Carlo simulation and used it to predict the response function. 
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FIGURE 2. Solid curves are data for random events near the signal region for the positron and 
photon energies as well as the relative timing and angle. Dashed curves are the Monte Carlo 
simulated events for the p' -+ e'y signal. 

The primary beam conditions with stopping muons do not contain any sharp photon 
lines. In order to get a sharp photon line, negative pions are stopped in polyethylene. 
Some pions charge exchange and produce a slowly moving no that, in turn, decays into 
two photons. By selecting the photons that happen to be nearly back-to-back, one gets a 
narrow line at 55 MeV from the low-energy photon, quite near any possible photon 
from p++e+y .  The spectrum of such events is shown in Fig. 3. The energy 
resolution is near that predicted (1.7 MeV FWHM). 

The relative time resolution can be measured by looking for the allowed process 
p+ + e+yVv. This internal bremsstrahlung correction to ordinary muon decay can only 
be seen easily at low rates where the random backgrounds are greatly reduced. The 
timing spectrum is shown in Fig. 4. Improvements in the calibration constants are 
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FIGURE 3. Photon energy response for 55-MeV gamma rays from a' decays. 
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FIGURE 4. Positron-photon timing for the process ,u+ + e'yvv process at low rates. 



expected to improve the timing to be nearly 1 ns EWHM. Observation of this decay is 
reassuring because it is the proof that the detector sees some events that it should. As 
new designs restrict the acceptance more in order to search with more sensitivity, 
observation of this peak will become increasingly more problematic because the 
branching ratio falls very rapidly as the energy thresholds on the two particles are 
increased; if it did not fall so rapidly, the prompt backgrounds would be a real problem. 
Finding this peak should be an early goal for any new experiments; for example, the data 
(-1%) from the 1992 engineering run had to be discarded because it was discovered that 
the peak was outside the coincidence window. Even getting the peak in the rough 
acceptance of the MEGA apparatus required the addition of additional scintillators 
whose sole purpose was to calibrate the positron and photon arms to one another and 
watch for temporal drifts. 

The back-to-back angle is taken from the dot product of the positron direction after 
decay in the target and the vector that points from the electron’s origin to the photon 
conversion point into charge particles. Hence, there are several contributions to this 
resolution: the resolution on the point of photon conversion, the knowledge of the 
positron’s point of origin, and the uncertainty in the direction of the positron. In 
addition, in MEGA, where there was a magnetic field surrounding the decay point, the 
positrons propagate in circles that require a precise knowledge of the absolute location of 
the target to obtain the correct direction. Getting reliable measurements to test the 
simulation against is a challenge for each of these components. Even if all these 
resolutions are quite good, there are some decays that come nearly parallel to the target 
and cannot be included in the acceptance. 

The other response functions beyond the classic four can also be quite useful. For 
example, in MEGA, the use of pair spectrometers allowed crude (-10”) reconstruction 
of the photon direction at the conversion point to see if the origin of the photon seemed 
to be the same as that of the positron. This knowledge completely eliminated certain 
backgrounds not associated with the target and suppressed about two thirds of the 
random coincidences from the target. 

The conclusion of this section is that the design of a new experiment that has a 
chance of achieving its goals requires examining a substantial number of elements and 
proving that all the critical ones have been optimized. Such a design usually requires a 
careful simulation. 

IDEAS FOR NEW EXPERIMENTS 

In March of 1997, there was an informal workshop held at the Paul Scherrer 
Institute in Switzerland on “A New p’ + e+ y Experiment.” Many configurations 
were studied, but a final design is unsettled. In general, the problem is to keep the 
acceptance high while suppressing accidental coincidences. However, the conclusion of 
the workshop was that a experiment looks feasible. However, no design was 
pushed sufficiently to be evaluated at the level suggested in the previous section. 



A promising idea from the workshop was developed by A. Van der Schaaf for a 
magnetic positron detector that uses two bends. The idea is that the first bend limits the 
acceptance and thereby shields the active elements from the high rates near the target. 
Magnetic analysis with position sensitive detectors is done in the second bend to get the 
energy, position, and direction of the positron. If the optics is arranged correctly, the 
tracking to the target region should have adequate precision to maintain the back-to-back 
angle precision. 

One interesting idea for suppressing accidental backgrounds has been developed for 
stopped, polarized muons (3). If the muons are polarized along the beam direction, then 
the angular distribution of the positrons and photons is given by 

p+ + e+vv 

p+ + e + y w  

p+ + e+y 

dr'/d0, - 1+ Pp k, 

dr'/dO,-l+Pp.k, 

dr'/d0, - unknown 

for E,- 53 MeV, 

for E,- 53 MeV, 

for E, = 53 MeV. 

As the angular correlation of the p+ + e'y process is unknown, it is necessary to 
search in both the forward and backward hemispheres. At backward angles, either the 
high-energy positron or photon is suppressed. The suppression factor f(Pp) in Eq. (3) 
can be large and is crudely (1 - cos 0)/(l+ cos 0) - 0.05 for 0 - 25'. To realize this 
factor, two back-to-back apparatuses are needed, one with the photon detector at back 
angles and the other with the electron detector at back angles. With a large solid angle 
detector, the suppression factor is considerably worse but still worth incorporating into a 
design. 

a large solid-angle detector is needed for beam 
intensities of 108/s. However, for intensities of 10'o/s that might be available in 
association with the source of a muon collider, a small solid-angle detector would be 
practical. Additionally, if a technique can be developed that would make the muons 
polarized, the detector would be ideal for taking advantage of the suppression 
mechanism described above. One possibility would be to use a beam similar to that 
planned for MECO (4), though the muons would not be polarized; as all the beam 
potentially available is not required, perhaps a small fraction can be separated and 
polarized. The idea is based on the fact the result in Eq. (2) depends on the product of 
the solid angle and the rate. If the rate is as high as suggested above, then the solid angle 
can be small. Hence, small solid-angle, special-purpose spectrometers can be used that 
solve the problems of high singles rates and costs. In particular, of the four classic 
resolutions, this geometry looks to make major improvements in the positron resolution 
to stay background free. The specification for this idea were given previously by M. 
Cooper (5).  The sensitivity is estimated to be and the result would be free of 
background. If the suppression factor from using polarized muons were practical, then 
even better limits could be achieved. A real simulation of this geometry remains a 
necessity. 

To reach a sensitivity of 



SUMMARY 

The MEGA detector has provided much useful information on the experimental 
difficulties involved in very sensitive searches for the process p' + e'y. Many design 
considerations must be optimized simultaneously. Any new design will have to have 
some of its specifications significantly better than MEGA if a sensitivity of is to be 
achieved. The intense beams associated with the source of a muon collider open the 
possibilities for new designs with this potential reach. 
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